The nuclear bile acid receptor FXR (farnesoid X receptor) is one of the key factors that suppress bile acid biosynthesis in the liver. PGC-1α [PPARγ (peroxisome-proliferator-activated receptor γ ) co-activator-1α] is known to control energy homoeostasis in adipose tissue, skeletal muscle and liver. We performed cell-based reporter assays using the expression system of a GAL4-FXR chimaera, the ligand-binding domain of FXR fused to the DNAbinding domain of yeast GAL4, to find the co-activators for FXR. We found that the transcriptional activation of a reporter plasmid by a GAL4-FXR chimaera was strongly enhanced by PGC-1α, in a ligand-dependent manner. Transcriptional activation of the SHP (small heterodimer partner) gene by the FXR-RXRα (retinoid X receptor α) heterodimer was also enhanced by PGC-1α in the presence of CDCA (chenodeoxycholic acid). Co-immunoprecipitation and pull-down studies using glutathione S-transferase-PGC-1α fusion proteins revealed that the ligand-binding domain of FXR binds PGC-1α in a ligand-influenced manner both in vivo and in vitro. Furthermore, our studies revealed that SHP represses its own transcription, and the addition of excess amounts of PGC-1α can overcome the inhibitory effect of SHP. These observations indicate that PGC-1α mediates the ligand-dependent activation of FXR and transcription of SHP gene.
INTRODUCTION
FXR (farnesoid X receptor) is a nuclear receptor for bile acids [1] [2] [3] . In the liver, cholesterol is converted into bile acids by several routes. CYP7A1 (cholesterol 7α-hydroxylase) catalyses the ratelimiting step in the classical pathway [4, 5] . It is generally thought that activation and repression of CYP7A1 gene expression are modulated by multiple and redundant pathways [6] [7] [8] [9] [10] [11] [12] [13] [14] . Among them, two FXR-dependent pathways that suppress CYP7A1 gene expression have been reported [9, 10, 14] . One pathway involves FXR, SHP (small heterodimer partner), LRH-1 (liver receptor homologue-1), and CYP7A1. In this pathway, FXR activates the expression of SHP, which is a nuclear receptor without a DBD (DNA-binding domain), and represses the transcription of nuclear receptors. LRH-1 is a positive regulator of CYP7A1, and its transcriptional activity is repressed by SHP. It is thought that the cascade involving FXR, SHP, LRH-1 and CYP7A1, in the presence of bile acids, especially CDCA (chenodeoxycholic acid), suppresses the conversion of cholesterol into bile acids [9, 10] . The other pathway, which was recently discovered, involves FXR, fibroblast growth factor-19, c-Jun N-terminal kinase and CYP7A1 [14] . The expression levels of SHP and CYP7A1 reportedly exhibit a significant inverse relationship [15] . This study supports the model that activated FXR represses CYP7A1 via SHP [15] , although alternative SHP-independent pathways may regulate CYP7A1, as suggested by experiments using mice deficient in SHP [13] . Similar inverse relationships were reportedly observed between SHP and CYP7A1, using mice deficient in FXR [16] and using synthetic agonists [17] . Notably, there have been several reports of decrease of enzyme activity of CYP7A1 and transcriptional repression of CYP7A1 [18] [19] [20] [21] during starvation.
It is known that the levels of CYP7A1 enzyme activity, as well as the amounts of its mRNA and protein are reduced in the livers of starved animals. The lowest level of CYP7A1 mRNA in starved animals was 20-30 times lower than the highest level in normal animals [20] . On the other hand, several studies have recently demonstrated that the level of CYP7A1 expression increased in the starved conditions [22] [23] [24] .
PGC-1α [PPARγ (peroxisome-proliferator-activated receptor γ ) co-activator-1α] was cloned in 1998 [25] . Interactions of PGC-1α with several receptors have subsequently been reported, such as with thyroid-hormone receptor β [26] , retinoic-acid receptor α [27] , oestrogen receptor α [28] , glucocorticoid receptor [29] , PPARα [30] , constitutive androstane receptor [31] and HNF-4α (hepatocyte nuclear factor 4α) [32, 33] . PGC-1α is expressed in response to environmental stimuli, and induces gene expression that stimulates mitochondrial oxidative metabolism in brown fat, fibre-type switching in skeletal muscle and gluconeogenesis in liver [34] . Notably, fasting induces PGC-1α in the liver to modulate gluconeogenesis [32] . PEPCK (phosphoenolpyruvate carboxykinase) is the rate-limiting enzyme in gluconeogenesis, to produce glucose from non-carbohydrate precursors. The association of PGC-1α with HNF-4α is an important event in the regulation of PEPCK transcription in gluconeogenesis upon fasting [32] . It was reported that cholesterol catabolism to bile acids and gluconeogenesis are controlled in a co-ordinated manner [23] . Bile acids themselves have capacities to suppress transcription of CYP7A1 and PEPCK by modulating the assembly of transcription factors including nuclear receptors and their co-activators [23] . Recently, Zhang et al. [35] reported that PGC-1α interacts with the DBD of FXR in a ligand-independent manner and enhances the transcription of FXR target genes.
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In contrast, in the present paper, we report that the LBD (ligandbinding domain) of FXR fused to the DBD of yeast GAL4 (GAL4-FXR chimaera)-mediated transcription is effectively enhanced by PGC-1α in a ligand-dependent manner. We show that FXR-LBD and PGC-1α interact physically in a ligand-dependent manner both in vivo and in vitro. Furthermore, we demonstrate that full-length FXR-RXRα (retinoid X receptor α) heterodimermediated transcription of the SHP gene is enhanced by PGC-1α in a ligand-dependent manner. This transcription is repressed by the product protein, SHP, and excess amounts of PGC-1α overcome the repression by SHP.
EXPERIMENTAL

Plasmids
The plasmids pCMX-flag-mPGC-1α, pCMX-flag-mPGC-1β, and UASx4-tk Luc were kindly provided by Dr A. Kakizuka (Kyoto University, Kyoto, Japan) [36] . The plasmids pOZTip60 and pOZ-P/CAF (p300/cAMP-response-element-bindingprotein-binding protein) were from Dr T. Ikura (Hiroshima University, Hiroshima, Japan). The plasmids pSG5-SRC1a and pSG5-SRC1e were kindly provided by Dr S. . The PCR fragment was cloned into pET28a, and the sequence was confirmed. The NdeI/ XhoI fragment was excised, blunted, and ligated to EcoRI/SalIdigested and blunted pCMX-GAL4-DBD. The construction of the bacterial expression plasmids pGEX-PGC-1-full, pGEX-PGC-1-Nhe/Xba, and pGEX-PGC-1-Xba was described elsewhere [31] . For the construction of the expression plasmid pCMX-SHP, human SHP cDNA was prepared by a similar PCR method and was cloned into the pCMX vector.
Cell culture and transient transfections
COS-7 cells were maintained in DMEM (Dulbecco's modified Eagle's Medium) (Invitrogen) supplemented with 10 % FCS (foetal calf serum) (Thermo Trace, Melbourne, Australia). At 1 day before transfection, the cells were plated in Phenol-Red-free DMEM (Invitrogen) containing 10 % charcoal/dextran-treated FCS (Sigma). Transfection of cells was performed in 24-well plates, according to the procedure described previously [31] . Transient co-transfections using the UASx4-tk Luc reporter were performed with pEYFP-C1 as an internal control, the GAL4-DBD or GAL4-FXR chimaera expression construct, and the coactivator expression construct. The plasmid pcDNA3 was added to compensate for the total amount of DNA transfected in each assay. Transient co-transfections using the pGL3-hSHP(569)-Luc reporter were performed with pEYFP-C1, pCMX-hFXR, pCMXhRXRα, pCMX-flag-mPGC-1α and pcDNA3. A plasmid pCMX was used for control assays. After 6 h of transfection, ligands were added for 20 h. Then, fluorescence of EYFP (enhanced yellow fluorescent protein) expressed in COS-7 cells in a 24-well plate was measured with a microplate fluorescence reader, model FL500 (BioTek Instruments, Winooski, VT, U.S.A.) to examine the transfection efficiency. Then the cells were washed with PBS and lysed with PicaGene lysis buffer (Toyo Ink, Tokyo, Japan). After the cell debris was removed by centrifugation for 14 000 g for 2 min, the luciferase activity was measured using a luminometer, model TD-20/20 (Promega). Luciferase activities were normalized to the EYFP fluorescence value and are referred to as relative light units (RLU) as previously described [31] . All transfection experiments were repeated at least three times, and the data represent the means + − S.E.M.
Immunoprecipitation and Western blot analysis
COS-7 cells (2 × 10 6 ) were transiently transfected with pCMXHis-FXR192-472 (6 µg) and pCMX (6 µg), or with pCMX-flagmPGC-1α (6 µg) and pCMX (6 µg), or with pCMX-His-FXR192-472 (6 µg) and pCMX-flag-mPGC-1α (6 µg) mediated by calcium phosphate using ProFection Mammalian Transfection Systems (Promega). After 48 h, cells were treated with CDCA (100 µM) or DMSO (0.1 %) for an additional 16 h. Cells were then washed and detached. The cell pellet was resuspended in the modified RIPA buffer reported by De Fabiani et al. [23] with protease inhibitors in the presence or absence of CDCA (100 µM) for 10 min. Cell debris was removed by centrifugation at 14 000 g for 10 min, and the supernatants were subjected to anti-FLAG M2-agarose (Sigma) for 6 h at 4
• C. Agarose beads were washed three times with the modified RIPA buffer [23] in the presence or absence of CDCA, divided in two, and subjected to Western blotting. His-tagged FXR was detected by a nickelactivated derivative of HRP (horseradish peroxidase) (India HisProbe-HRP; Pierce). FLAG-tagged PGC-1α was detected by anti-FLAG M2-peroxidase conjugate (Sigma).
Pull-down assay
The GST (glutathione S-transferase)-PGC-1α fusion proteins were expressed in BL21(STAR) bacteria, as previously described [31] . The GST-PGC-1α fusion proteins bound to glutathioneSepharose CL4B beads were used for protein-protein interaction assays between FXR and PGC-1α. The N-terminal His-tagged, human FXR-LBD (amino acids 217-472) was expressed in BL21(STAR) bacteria, and was purified by Ni-affinity and ionexchange chromatography. A 30 µl aliquot of a 50 % slurry of GST-PGC-1α fusion protein bound to glutathione beads was suspended in 100 µl of binding buffer (20 mM phosphate buffer, pH 7.5, 100 mM NaCl, 0.1 mM EDTA and 1 mM 2-mercaptoethanol) with protease inhibitors, in the presence or absence of ligand. The His-tagged FXR-LBD protein was added to the suspended GST-PGC-1α fusion proteins, and the mixture was incubated at 4
• C for 30 min. The beads were sedimented and washed five times in wash buffer [20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 0.1 % (v/v) Nonidet P40 and 10 % (v/v) glycerol] with or without ligand. An equal volume of reducing sample buffer was added, and the mixture was boiled for 3 min. The samples were divided in two, and analysed by SDS/PAGE (15 % gel) and Western blotting. The presence of the retained FXR-LBD protein with a His tag was detected using India His-Probe-HRP.
RESULTS
PGC-1α activates FXR-mediated transcription in a ligand-dependent manner
To search for co-activators of FXR, we used a chimaeric protein composed of the FXR-LBD (amino acids 192-472) fused to the yeast GAL4-DBD (GAL4-FXR chimaera). Transient transfection assays were performed in COS-7 cells, using a luciferase reporter gene with the GAL4-FXR chimaera and several nuclear receptor co-activators. Among the six co-activators that we examined, we found that PGC-1α markedly enhanced the transcriptional activity of the GAL4-FXR chimaera in the presence of 100 µM CDCA, producing an increase of approx. 50-fold as compared with that in the absence of co-activators ( Figure 1A ). SRC1e (steroid receptor co-activator 1e) also enhanced the FXRmediated transcription to a lesser extent in the presence of 100 µM CDCA, with an approx. 10-fold enhancement as compared with that in the absence of co-activators ( Figure 1A) . The other coactivators, SRC1a, PGC-1β, Tip60 and P/CAF, showed an approx. 2-fold enhancement ( Figure 1A) . Conversely, in the absence of CDCA, transcriptional activation by the co-activators was hardly observed, except for SRC1a (open bar in Figure 1A) .
The co-activation of GAL4-FXR chimaera-mediated transcription by PGC-1α was analysed by co-transfection of increasing amounts of the PGC-1α expression plasmids (0, 25, 50, 100 and 200 ng). With 200 ng of the PGC-1α expression plasmid, the GAL4-FXR chimaera-mediated transcription was enhanced approx. 60-fold, as compared with that in the absence of PGC-1α ( Figure 1B) . We also performed transient transfection assays with the GAL4-FXR chimaera and PGC-1α in the presence of increasing amounts of CDCA (0, 25, 50, 100 and 200 µM). The GAL4-FXR chimaera and PGC-1α-mediated transcription of the reporter gene was activated most in the presence of 100 µM CDCA ( Figure 1C) . We next examined the ability of different physiologically relevant bile acids, such as CA (cholic acid), DCA (deoxycholic acid) and LCA (lithocholic acid), to activate transcription of the reporter gene with the GAL4-FXR chimaera and PGC-1α, and compared these results with that obtained with CDCA. The secondary bile acids, DCA and LCA, were both moderate activators of the reporter gene in the presence of the GAL4-FXR chimaera and PGC-1α ( Figure 1D ). These observations (Figure 1 ) demonstrate that GAL4-FXR chimaeramediated transcription is strongly co-activated by PGC-1α in a ligand-dependent manner.
PGC-1α activates FXR-RXRα heterodimer-mediated transcription of SHP in a ligand-dependent manner FXR regulates gene transcription as a heterodimer with RXRα. We next sought to determine whether the FXR-RXRα heterodimer-mediated transcriptional activation is enhanced by PGC-1α. FXR-mediated transcriptional activation has been reported for several genes [9, 10, 14, 35, [37] [38] [39] [40] [41] . Among them, we chose the SHP gene promoter for the cell-based assays. The reporter construct that we used contains the SHP promoter region (bases − 569 to + 10) and the coding region of the luciferase reporter gene [10] . This reporter gene was transiently transfected into COS-7 cells together with the FXR and RXRα expression vectors, and/or the PGC-1α expression vector, and the cells were treated with 9-cis-retinoic acid alone or with both 9-cis-retinoic acid and CDCA. As shown in Figure 2 (A), reporter gene transcriptional activity by FXR and RXRα in the presence of 100 µM CDCA was enhanced approx. 6-fold, as compared with that in the absence of FXR and RXRα, or that with PGC-1α alone. In the presence of 100 µM CDCA, the addition of the PGC-1α expression vector resulted in an approx. 3-fold enhancement of FXR-RXRα-mediated transcription of the reporter gene, as compared with that without PGC-1α (Figure 2A, closed bars) . In the absence of CDCA, the enhancement of FXR-RXRα-mediated transcription by PGC-1α was low (Figure 2A, open bars) . The co-activation of FXR-RXRα-mediated transcription by PGC-1α was analysed by co-transfection of increasing amounts of PGC-1α (0, 100, 200 and 300 ng). The FXR-RXRα-mediated transcription was enhanced with increasing amounts of the transfected PGC-1α expression vector ( Figure 2B ). We also performed transient transfection assays with FXR-RXRα and PGC-1α in the presence of increasing amounts of CDCA (0, 25, 50, 100 and 200 µM). The FXR-RXRα heterodimer-and PGC-1α-mediated transcription of the SHP gene was activated most in the presence of 100 µM CDCA ( Figure 2C ). These observations suggest that the SHP gene is regulated by the FXR-RXRα heterodimer, and that PGC-1α effectively enhances FXR-RXRα-mediated transcription of the SHP gene in a ligand-dependent manner.
SHP inhibits PGC-1α co-activation of the FXR-RXRα heterodimer
SHP is thought to be a common repressor of nuclear receptors involved in bile acid biosynthesis. Thus we next examined whether or not SHP would suppress the ability of PGC-1α to potentiate the ligand-induced activity of FXR. GAL4-FXR chimaera-mediated transcriptional activity was effectively enhanced when PGC-1α was co-expressed in COS-7 cells ( Figure 3A) . However, clear inhibition was not observed by adding increasing amounts of the SHP expression plasmid (30, 100 and 500 ng) to the cells transfected with the expression plasmids for the GAL4-FXR chimaera and PGC-1α ( Figure 3A) . In contrast, the FXR-RXRα heterodimer-mediated transcription activated by PGC-1α was clearly inhibited by adding increasing amounts of SHP (200 and 300 ng) ( Figure 3B ). The inhibitory effect of SHP (40 ng) on FXR-RXRα-mediated transcription of SHP was overcome by the addition of increasing amounts of PGC-1α (50, 100 and 300 ng) (Figure 4) . The experiments were carried out using pCMX-FXR (100 ng), pCMX-RXRα (100 ng), pGL3-hSHP(569)-Luc (200 ng), pEYFP-C1 (100 ng) and increasing amounts of pCMX-flag-PGC-1α (100, 200 and 300 ng), in the presence of 100 µM CDCA and 1 µM 9-cis-retinoic acid. (C) The experiments were carried out using pCMX-FXR (100 ng), pCMX-RXRα (100 ng), pGL3-hSHP(569)-Luc (200 ng), pEYFP-C1 (100 ng) and pCMX-flag-PGC-1α (100 ng) in the presence of increasing amounts of CDCA (25, 50, 100 and 200 µM) and 1 µM 9-cis-retinoic acid.
Structural changes of FXR-RXRα heterodimer proteins by the addition of CDCA
Since FXR has two tryptophan residues at positions 454 and 469 around the region for activation function 2, we expected to observe a spectral change in the intrinsic fluorescence, due to the structural 
Figure 4 The inhibitory effect of SHP on FXR-RXRα-mediated transcription is overcome by the addition of increasing amounts of PGC-1α
The experiments were carried out using pCMX-FXR (40 ng), pCMX-RXRα (40 ng), pEYFP-C1 (100 ng), pCMX-SHP (0 or 40 ng) and increasing amounts of pCMX-flag-PGC-1α (50, 100 and 300 ng) in the presence of 1 µM 9-cis-retinoic acid and 100 µM CDCA.
change caused by the addition of CDCA. The fluorescence spectra of the proteins composed of FXR-RXRα-LBD heterodimer were measured in the presence and absence of CDCA. As shown in Figure 5 , the fluorescence spectrum of the FXR-RXRα heterodimer in the absence of CDCA differed from that in the pre- sence of 100 µM CDCA. These observations suggest that the addition of CDCA induces a structural change in the FXR-RXRα heterodimer proteins. It probably results from helix 12 adopting the active form, as reported previously [42] .
The FXR-LBD and PGC-1α proteins interact directly in vivo and in vitro in a ligand-influenced manner
We next examined whether or not the FXR and PGC-1α proteins interact directly in vivo. A co-immunoprecipitation experiment Total cell extracts were prepared as described in the Experimental section, and subjected to immunoprecipitation using an anti-FLAG antibody-conjugated affinity gel in the presence or absence of CDCA. FXR was detected by Western blotting using a His-Probe. PGC-1α was detected using an anti-FLAG antibody.
was performed using His-tagged FXR (amino acids 192-472) and FLAG-tagged PGC-1α-transfected COS-7 cell extract in the presence or absence of CDCA with an anti-FLAG antibodyconjugated affinity gel. A band corresponding to FXR protein was observed only in the presence of FXR, PGC-1α and CDCA, but was not observed in the absence of CDCA using His-probe ( Figure 6 ). Migration of this band was almost the same as that of a band from the His-tagged FXR protein (amino acids 192-472) expressed in bacteria ( Figure 6 ). An anti-FLAG antibody was used to reveal the presence of PGC-1α in the immunoprecipitate. The bands corresponding to PGC-1α protein were observed in the presence and absence of CDCA ( Figure 6 ). These results showed that FXR and PGC-1α interacted in vivo in a ligand-dependent manner.
We next examined whether the FXR-LBD protein and PGC-1α protein interact directly in vitro. GST and three fusion proteins, GST-PGC-1-full, GST-PGC-1-Nhe/Xba and GST-PGC-1-Xba, were each expressed in bacteria, and then were immobilized on glutathione-Sepharose beads. GST-PGC-1-full is a fusion protein composed of GST and the full-length PGC-1α (amino acids 1-797). The GST-PGC-1-Nhe/Xba protein lacks the region corresponding to amino acid residues 87-406, which contains the LXXLL motif sequence for interactions with nuclear receptors. GST-PGC-1-Xba is a fusion protein composed of GST and the C-terminal-half deletion mutant of PGC-1α (amino acids 1-406) as shown in Figure 7 (A). Western blotting analyses revealed that the immobilized GST-PGC-1-full and GST-PGC-1-Xba proteins strongly interact with the His-tagged FXR-LBD protein in the presence of CDCA ( Figure 7B ), whereas weak interactions between the FXR-LBD protein and each GST-PGC-α 1α fusion protein were observed in the absence of CDCA. Interaction between the LXXLL-motif-deletion mutant, GST-PGC-1-Nhe/Xba and FXR-LBD was weak in both the presence and absence of CDCA. No interaction was observed between the FXR-LBD protein and GST ( Figure 7B ). These results demonstrate that the FXR-LBD protein interacts directly with PGC-1α, and CDCA increases the association between the FXR and PGC-1α proteins.
DISCUSSION
Among the nuclear receptor co-activators that we studied, PGC-1α strongly increased GAL4-FXR chimaera-mediated transcrip- 2C) . These results possibly suggest that interaction between GAL4-FXR chimaera and PGC-1α might be different from that between FXR-RXRα and PGC-1α. Enhancement of the proteinprotein interaction between FXR and PGC-1α by CDCA (Figure 7) suggests that the CDCA-induced structural change of FXR ( Figure 5 ) is involved in the co-activation of FXR-mediated transcription by PGC-1α.
Zhang et al. [35] reported that FXR-DBD and PGC-1α interact in a ligand-independent manner. The region corresponding to the DBD of FXR is sufficient for the interaction with PGC-1α (1-400) [35] . We showed that PGC-1α (1-406) interacts with FXR-LBD (217-472) in a ligand-dependent manner (Figure 7) . These results probably suggest that the DBD of FXR interacts basically with PGC-1α in the absence or ineffective concentrations of ligands, and the interaction between the LBD of FXR and PGC-1α takes part in the presence of effective concentrations of ligands. Multiple interaction sites seem to be present between FXR and PGC-1α.
It is interesting to note that PGC-1α is induced in liver by fasting [32] , and that CYP7A1 expression is reduced during starvation [18] [19] [20] [21] . Since the reduction of CYP7A1 is probably regulated mainly by FXR and SHP [9, 10, 15] , it is possible that CYP7A1 repression during starvation [18] [19] [20] [21] could be induced by A model is presented for the possible relation among the induction of PGC-1α by the environmental stimuli such as starvation [32] , co-activation of FXR-mediated SHP transcription by PGC-1α, transcriptional repression of CYP7A1 by the suppression of LRH-1 by SHP [9, 10] and suppression of bile acid biosynthesis, co-activation of HNF-4α-mediated CYP7A1 transcription [43] by PGC-1α and activation of bile acid biosynthesis, and activation of PEPCK by the coupling of HNF-4α and PGC-1α [32] .
PGC-1α coupling to FXR. De Fabiani et al. [23] recently reported that bile acids suppress CYP7A1 and PEPCK transcription by impairing co-activator recruitment and by inducing dissociation of nuclear receptors and co-activators. Based on this observation, the regulation of bile acids in hepatocytes seems to be required for the activation of gluconeogenesis. CYP7A1 repression during starvation [18] [19] [20] [21] is probably programmed for the activation of gluconeogenesis.
Among the target genes of FXR [9, 10, 14, [37] [38] [39] [40] [41] , we chose the SHP gene promoter for the reporter construct. SHP is now considered to be a common repressor for nuclear receptors, including LRH-1 and HNF-4α, in regulating bile acid synthesis genes, including CYP7A1 and CYP8B1 [43] . Our assays demonstrated that PGC-1α enhances the FXR-RXRα-mediated transcription of the SHP gene approx. 3-fold, in a ligand-dependent manner (Figure 2A) . We have no evidence that FXR-mediated transcription of the SHP gene is enhanced by fasting; however, it is quite likely that SHP activation by FXR is involved in the CYP7A1 repression caused by starvation [18] [19] [20] [21] because of the significant inverse relationship between the expression level of SHP and that of CYP7A1 reported previously [15] [16] [17] . Meanwhile, Shin et al. [22] reported different, yet convincing, results that CYP7A1 transcription was induced by fasting and stimulated by PGC-1α. Similar results were reported by De Fabiani et al. [23] and Hunt et al. [24] . In their studies, SHP was not induced and the FXR level was not reported, suggesting that the inhibitory effect on the CYP7A1 promoter through the FXR-SHP pathway had not occurred, or was circumvented by other positive elements. CYP7A1 transcription might be differently regulated in different species, because the repression of CYP7A1 expression by fasting was observed in rat and piglet [18] [19] [20] [21] , while the studies reporting activation of CYP7A1 were performed in mice [22] [23] [24] . CYP7A1 gene expression seems to be intricately tuned with nuclear receptors [44] and undefined mediators.
SHP represses the transcription of nuclear receptors by forming a heterodimer, or by competing with co-activators [45, 46] . The results shown in Figure 3 suggest that SHP probably prevents FXR-RXRα heterodimer formation in the transcription. Since FXR-mediated transcriptional co-activation of the SHP gene by PGC-1α is ligand-dependent (Figures 2A and 2C) , and is inhibited by the protein product SHP (Figure 3B ), the physiological level of SHP is probably regulated positively by the amounts of bile acids, and negatively by that of the protein product SHP. PGC-1α can overcome the inhibitory effect of SHP as shown in Figure 4 . PGC-1α, induced in response to environmental stimuli, could force FXR-RXRα-mediated SHP transcriptional machinery to produce SHP and repress the CYP7A1 gene. This might correspond to the marked decrease of CYP7A1 expression during starvation [18] [19] [20] [21] . On the other hand, the co-activation of the orphan receptor HNF-4α by PGC-1α is powerful and ligand-independent [47] , and probably depends on the amount of PGC-1α protein induced in response to environmental stimuli [34] .
Since bile acid synthesis is the major cholesterol excretion route from hepatocytes, expression of the rate-limiting enzyme CYP7A1 is tightly regulated through multiple pathways to keep adequate levels of cellular cholesterol. When hepatocytes are exposed to the stressful conditions such as starvation or elevated cAMP, PGC-1α is induced in the liver [32] . The induced PGC-1α could co-activate FXR-RXRα-mediated SHP transcription, HNF-4α-mediated CYP7A1 transcription [22] and HNF-4α-mediated PEPCK transcription [32] as shown in Figure 8 . Co-activation of HNF-4α-mediated CYP7A1 transcription by PGC-1α is followed by the further activation of bile acid biosynthesis and the increase of bile acid content. In the presence of bile acids with adequate concentrations, co-activation of FXR-RXRα-mediated SHP transcription by PGC-1α produces the SHP protein, inhibits the activity of LRH-1, and represses CYP7A1 transcription [9, 10] ( Figure 8 ). The presence of this re-suppression by PGC-1α through the FXR-SHP pathway underlies that the bile acid pool must be kept small to promote and provide an adequate condition for the activation of PEPCK transcription mediated by HNF-4α and PGC-1α as reported by De Fabiani et al. [23] (Figure 8 ).
In conclusion, our study showed that the nuclear receptor FXR is efficiently co-activated by PGC-1α in a ligand-dependent manner. Our observations suggest that PGC-1α functions as a ligand-dependent co-activator of FXR.
